Gold plays a major role in nanochemistry, catalysis, and electrochemistry. Accordingly, hundreds of studies apply density functionals to study chemical bonding with gold, yet there is no systematic attempt to assess the accuracy of these methods applied to gold. This paper reports a benchmark against 51 experimental bond enthalpies of AuX systems and seven additional polyatomic and cationic molecules. 12 density functionals were tested, covering meta functionals, hybrids with variable HF exchange, double-hybrid, dispersion-corrected and non-hybrid GGA functionals. The defined benchmark data set probes all types of bonding to gold from very electronegative halides that force Au + electronic structure, via covalently bonded systems, hard and soft Lewis acids and bases that either work against or complement the softness of gold, the Au2 molecule probing gold's bond with itself, and weak bonds between gold and noble gases. Zero-point vibrational corrections are relatively small for Au−X bonds, ~11−12 kJ/mol except for Au−H bonds. Dispersion typically provides ~5 kJ/mol of the total bond enthalpy but grows with system size and is 10 kJ/mol for AuXe and AuKr. HF exchange and LYP correlation produce weaker bonds to gold. Most functionals provide similar trend accuracy, though somewhat lower for M06 and M06L, but very different numerical accuracy. Notably, PBE and TPSS functionals with dispersion display the smallest numerical errors and very small mean signed errors (0−6 kJ/mol), i.e. no bias towards over-or under-binding. Errors are evenly distributed vs.
4
Notable previous work studied the performance of several density functionals against CCSD(T) for Cu, Ag, and Au-systems different from this work 27 , revealing important effects on the binding interactions of coin metals to ligands. Also, a detailed benchmark of M06, TPSS, B3LYP, and BP86 against CCSD(T) calculations for gold-carbon adducts has been reported 28 . A study of AuBe, AuMg, AuCa, AuSr, and AuBa has been carried out using CCSD(T) and TPSSh 29 . However neither of these studies provided a systematic and direct benchmark to experimental thermochemical, which seems desirable in order to assess the performance of DFT for gold chemistry more generally.
It is therefore of substantial importance to assess the accuracy of these standard approaches more systematically against available experimental thermochemical data. The acronym "DFT" covers a very diverse range of functionals with different philosophies of design, parameterization, mathematical form, and approximations, and various extent of self-interaction error 13 . It is relevant to ask how accurate these approaches really are, and whether the literature conclusions based on such energy calculations can be justified. The most notable errors that will potentially make such calculations inaccurate and their interpretations of gold chemistry invalid are i) the differences in the functional itself, such as how much Hartree-Fock exchange it includes, which changes bond energies of metalligand bonds by many tens of kJ/mol 30 ii) the suitability of the effective core potentials for modeling the relativistic effects that are instrumental to gold chemistry 1 ; iii) the inclusion of thermal effects such as zero-point energies of the gold-ligand or gold-gold vibrations which change bond enthalpies substantially 30 , and iv) the importance of dispersion, which is important in understanding gold's chemistry due to the polarizable nature of the gold atom 219 . These various effects are systematic and will change the computed thermochemistry substantially 13 . In this light, a systematic benchmarking of these standard DFT approaches to the study of chemical bonds involving gold seems warranted. 5 Methods.
Experimental Data. Experimental bond dissociation enthalpies (BDH) at standard elevated temperature conditions, 1 atm gas phase, 298.15 K were collected from the 2014-updated version of the CRC Handbook of Chemistry and Physics 31 . The full list of 51 BDH values for Au−X bonds can be found in Supporting Information, Table S1 . All experimental data found were used without exclusion of any data in the benchmark. Additionally, experimental BDH values for AuNH3, AuCH3, AuC6H6, and the cations AuCO + , AuH + , AuNH3 + , and AuXe + were included in the benchmark (Supporting Information, Table S2 ). The value for AuLa is cited as 457 kJ/mol in the CRC Handbook. However, this value stands out in the experimental data series, and a Reviewer pointed out that a more reasonable value of 335 kJ/mol was determined by Gingerich and Finkbeiner 32 ; thus the latter value, which is within the expected range of experimental data, was used in this work.
Geometry Optimizations. All computations were performed using the Turbomole software, version 7.0 33 . Both the neutral atoms of and the molecules were optimized in all possible spin states to ensure that the lowest ground state could be identified, starting from high-spin states first to ensure convergence to the lowest open-shell low-spin states where applicable. The resolution of identify approximation 34 was used to speed up calculations throughout this work. The molecules were all optimized using two different functionals and including dispersion, PBE-D3 2435 and TPSSh-D3 3637 , to account for geometric effects of functional. AuX bonds were similar within ~0.03 Å except for a few extreme cases with very long weak bonds such as AuKr (Supporting Information, Table S3 ) and gave similar subsequent single-point energies when computed with the same functional within less than 1 kJ/mol in all cases except five: AuU (1.3 kJ/mol difference), AuXe (1.2 kJ/mol), AuNd (3.8 kJ/mol), AuCe (5.7 kJ/mol), and AuPr (11.2 kJ/mol). Because of this, geometry differences for the functionals did not affect final energies and essentially all of the difference in computed gold thermochemistry thus 6 lies in the subsequent single-point energies. The total list of computed electronic energies of optimized electronic states of the Au-X molecules is given in Supporting Information , Table S4 .
The main purpose of this work is to test the performance of the standard methodology applied in the literature, which generally relies on triple-zeta type basis sets with effective core potentials as the approximation for relativistic effects, without any explicit account of e.g. spin-orbit coupling. To mimic such standard approaches the def2-TZVP basis sets and ecp2 effective core potentials from the Turbomole package 38 were used for both geometry optimization and subsequent energy calculation.
These basis sets have been systematically optimized for all elements studied; therefore all elements are treated in the same comparative basis set regime, so that differences in basis function types and parameters are not causing differences in performance between molecules. This is an important requirement achieved specifically with the universal def2 basis sets. The basis set is large enough that basis set effects are expected to only a few kJ/mol based on previous studies comparing quadruple zeta polarized basis sets to these types of TZVP basis sets also for M-L bond strengths 39 . Functionals Studied. Subsequent to geometry optimization, the single point energies of the deduced ground states were computed on the PBE-D3 optimized ground state geometries using the following different functionals: PBE-D3 24 , PBE0-D3 40 , TPSSh-D3 and TPSS-D3 3637 , B3LYP 202141 and B3LYP-D3 20,21 , BLYP 2142 , B3LYP* 43, 44 with 15% HF exchange, B3LYP10 with 10% HF exchange (customized for this study using Turbomole's built-in feature enabling this option), M06 45 , M06L 46 , and B2PLYP 47 , with electronic energies converged to 10 −7 a.u. Dispersion effects were estimated using the D3 correction 35 . The MP2 energies for B2PLYP were also computed using the RI approximation 48 . The electronic single-point energies for the all AuX molecules and X atoms can be found in Supporting   Information, Tables S5 and S6 , respectively. Bond dissociation enthalpies were computed from the energy of the AuX system, minus the energies of the Au atom and the X fragment (either an atom or a molecule), and adding thermal vibrational corrections for the bond enthalpy as specified below.
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Zero-Point Vibrational Energy and Thermal Enthalpy Estimates. The frequencies of all optimized ground states were computed at the same level as geometry optimization, i.e. def2-TZVP.
The zero point energies (ZPEs) were subtracted from the energies of each molecular species involved in the benchmark bond dissociation enthalpy. The enthalpy corrections were obtained from thermodynamic calculations at 298 K using the state function from the frequencies scaled by a scale factor of 0.99 (the exact choice of this scale factor between 0.95 and 1 has no effect on the final computed energies due to the magnitude of the ZPE, as seen in Supporting Information, Table S7 where these data are compiled. These calculations were done at 298.15 K to compare to the experimental temperature.
Coupled-Cluster Computations.
Methods such as coupled-cluster are not generally applicable to gold chemistry due to the size of gold clusters, surfaces, and catalytic systems, and this method is very basis set sensitive and even then still approximate in its treatment of relativistic effects 29 , which is why this paper uses direct experimental data rather than CCSD(T) data as reference data; still CCSD(T) comparison to DFT at same basis level provides a useful comparison of method behavior.
Such calculations were carried out using the resolution of identify approximation as implemented in Turbomole 49 for all the atoms, ions and molecules to compute the BDH, using tighter convergence criteria on both density and energy (10 −7 a.u. for both). The HF reference configurations are critically important in providing the correct CCSD(T) energy and were thus carefully converged, often upon multiple attempts from higher lying spin states, to identify the lowest-energy HF reference configuration; this procedure is non-trivial as many of the atoms and some molecules have close-lying electronic configurations and easily converge to metastable configurations. However, the final BDHs computed serve as a sanity check of these configurations, and show that the appropriate configurations have indeed been identified. The D1 diagnostics were also computed and the electronic CCSD(T) energies for all systems are given together with the DFT results in the Supporting information.
Bond Dissociation Enthalpies of AuX Systems. The experimental data set of BDH values for 51 AuX molecules (Supporting Information, Table S1 ) covers most of the periodic table, with elements representing all periods and both s-, p-, d-and f-block elements. The experimental data are shown in Figure 1A vs. atomic number. The benchmark data set probes all types of bonding to gold from very electronegative halides that force Au + electronic structure, via covalently bonded systems with similar electronegativity as gold, small hard Lewis acids and large Lewis acids and bases that either work against or complement the substantial polarizability and softness of gold, the Au2 molecule probing gold's bond with itself, and very weak bonds between gold and noble gases of Kr and Xe that stick out near zero in Figure 1A . The noble gas gold adducts are known to have very weak but favorable binding that is roughly half due to relativistic effects and half due to dispersion 50 . The fact that all these systems are studied with the exact same methodology and basis set types makes it possible to compare the bonding types to gold more generally than previously done.
The first feature that can be separated out from these bond enthalpies is the dispersion contribution to the Au-X bonds. This contribution cannot be measured experimentally but can be computed from the difference between the DFT results without and with dispersion correction. Figure   1B shows the values obtained from B3LYP and B3LYP-D3, as can be found numerically in Supporting Information, Table S6 . Although each functional has its own D3 correction, these dispersion corrections are numerically similar and of the order of ~5 kJ/mol except for the noble gas adducts where they contribute 10 kJ/mol and dominate the total bond enthalpy. The DFT methods would not predict any bonding between gold and the noble gases without dispersion included, illustrating the importance of dispersion corrections to DFT in such cases. For larger molecules, the importance of Performance of DFT Applied to Gold Bonding. Figure 2 shows the experimental BDHs plotted against the computed BDHs for the 12 different functionals and CCSD(T). The total thermal vibrational corrections to these values are fairly constant around 11−12 kJ/mol for the AuX diatomic molecules with the exception of AuH which, due to the small reduced mass of this molecule, has a larger correction of 22 kJ/mol (Table S7 ). These corrections are included in all BDH estimates shown in Figure 2 ; the numerical final computed BDH values can be found in Supporting Information, Table   S8 and Table S9 . AuKr and AuXe were left out in Figure 2 as the two small values of render the correlation much larger (R 2 ~0.76−0.78) and gives undue weight to these extreme points. Figure 2 without them more clearly shows the substantial spread obtained using different functionals. It can be seen from Figure 2 that despite this spread, all the functionals perform very similar in terms of their general trend correlation for BDHs, which can be explained as due to the fact that DFT generally is very good at providing differential bonding information in comparisons, where systematic errors tend to cancel. The functionals display R 2 values in the range 0.38−0.58; however without M06 and M06L, the range is only 0.50−0.58. Thus, in terms of ability to reproduce trends in bond strengths, all methods except M06 and M06L perform equally well. The poor performance of M06 and M06L is curious but may be related to the sacrifice of fundamental trend accuracy in heavily parameterized 11 functionals outside their parameterization range; if so, this mirrors a recent report 51 that these two functionals are potentially less "universal" than other functionals studied here. It is also notable that CCSD(T) has a trend prediction that is similar to most functionals, and that B2PLYP stands out with a somewhat better trend prediction than any other method. Figure 3 shows the signed errors for all studied methods (numerical data can be found in Supporting Information, Table S10 ). It is notable that the majority of the studied functionals are hybrid functionals that tend to underestimate chemical metal-ligand bond strengths (i.e. under-bind) as shown previously in benchmarks across all three rows of the d-block 30, 39 . This phenomenon is equally true for all three rows of the d-block i.e. relativistic effects do not change this preference, suggesting that the effective core potentials work well at least in a comparative sense across the three periods 30 . Table 1 shows the mean signed errors and mean absolute errors for all functionals studied.
Specifically, the hybrids B3LYP, B3LYP-D3, B3LYP*, PBE0-D3 and TPSSh-D3 all underestimate Au−X bond strengths on average by 39, 38, 29, 33, and 17 kJ/mol, the least for TPSSh which only includes 10% HF exchange. Calculation with a B3LYP version including only 10% HF exchange (B3LYP10) shows that this is indeed due to 10% HF exchange, giving very similar performance as TPSSh (19 vs. 17 kJ/mol average underestimation of BDH). These findings are consistent with the previous findings that HF exchange weakens metal-ligand bonds 39 ; this has also been observed in previous studies of gold chemistry 28 . Also BLYP under-binds by 17 kJ/mol on average. Compared to the other non-hybrid GGA functional, PBE, this is consistent with the previous finding that the LYP correlation functional under-binds compared to other comparable correlation functionals 39, 52 . From this analysis, one can conclude that the chemical bonds to gold follow the general bonding tendencies of the investigated functionals and reflect clearly the weaker-binding effect of HF exchange and LYP correlation. These two features add up in the B3LYP functional, making it the most under-binding of all studied methods together with M06 with 27% HF exchange. Thus, most studied methods underbind, as evident from Figure 3 .
In contrast, as seen from Figure 3 , PBE-D3 and TPSS-D3 perform surprisingly accurately with signed errors that are almost zero. As summarized in Table 1 , they produce MSEs of −2 and −4 kJ/mol for this large and diverse data set that covers most of the periodic table, which is a very positive finding. Previous studies of some saturated carbon adducts with gold reached a similar conclusion that TPSS performs well 28 . Also, the local meta functional M06L has a low signed error (−5 kJ/mol). These errors show that these three methods do not have a bias towards under-or overbinding.
Equally important, the corresponding mean absolute errors (MAE) are listed in Table 1 (full list of absolute errors can be found in the Supporting Information, Table S11 ). The MAE generally follows the trend for MSE because the trend predictions (R 2 ) are similar, except for M06L which had a small MSE but an average MAE of 32 kJ/mol. In terms of absolute errors, a MAE of 23 kJ/mol is seen for PBE-D3 and TPSS-D3, whereas the highest for M06 and B3LYP (44/45 kJ/mol). Thus, MAEs of TPSS and PBE are reduced to half that of the commonly used B3LYP functional. After PBE and TPSS, the non-hybrid GGA BLYP, and TPSSh and B3LYP10 both with 10% HF exchange have the smallest MAE. Again, TPSSh and B3LYP10 perform very similar showing that HF exchange dominates the differences in computed bond strengths, a finding that is further confirmed by the order of performance BLYP > B3LYP10 > B3LYP* > B3LYP (0, 10, 15, and 20% HF exchange). The smallest root mean square deviations from experimental values (RMSD) are also obtained with TPSS and PBE (32 kJ/mol) but closely followed by TPSSh, B3LYP10, and BLYP. Thus, combing the numerical accuracy (MAE, RMSD), the bonding bias (MSE) and the trend prediction accuracy (R 2 ) in total, PBE-D3 or TPSS-D3 clearly perform most accurately in this benchmark using a model approach that is likely to be routinely accessible for gold chemistry. suggested that this leads to under-binding, so the comparison here is not a test of CCSD(T) but a comparison of correlation energy recovery within the same polarized triple-zeta basis set regime. The computed BDHs agree within 20 kJ/mol with the corresponding CCSD(T)/def2-TZVPP values in previous work for these five systems (note that for these systems, def2-TZVPP and def2-TZVP are identical because the additional polarization function resides only on hydrogens) 29 . Figure 2 showed a trend prediction for CCSD(T) that resembled that of most density functionals. The errors in Table 1 show that overall, CCSD(T) performs similar to the high-HF fraction hybrids B3LYP (20%) and PBE0 (25%) for these systems; this indicates that CCSD(T) as a post-HF method still resembles somewhat the single-reference HF reference state. The D1 diagnostic for most of these molecules is generally larger than 0.05, commonly larger than 0.1 and in several cases larger than 0.2 (see Figure S1 , Supporting Information). Although accuracy can clearly be improved with larger basis sets and explicit spin-orbit coupling, CCSD(T) is not currently useful for studies of gold clusters and gold surfaces. The performance of TPSS and PBE is encouraging in this context. In the following, the CCSD(T) data are discussed in comparison to the density functionals where appropriate.
System-Specific Performance of DFT. The errors can be usefully divided into parts of the periodic table to determine if specific electronic configurations, shell structure, or heavy-atom effects 16 change the relative accuracy of the methods. Table S4 ; most ground states are in the lowest spin quantum number, but there are many exceptions notably in the d-and f-block transition metal gold adducts such as AuCr, AuEu, AuV, AuCo, AuDy, and AuRh, but also two p-block adducts, AuSb and AuBi, have higher multiplicity ground states according to the computations; similarly the equilibrium bond lengths are not generally known for these species; these predictions may be tested by experiments in the future. Diversity of Gold Bonds: Inversion of Dipole Moments. To understand these bonding patterns in more detail, the dipole moments of all AuX molecules were computed and collected in Figure 5 (numerical data in Supporting Information, Table S12 ). A positive (negative) value implies that the gold atom carries a positive (negative) partial charge within the molecule. Figure 5 shows clearly the point stressed above, that the bonding type is very diverse in these systems even though computational accuracy is fairly uniform (Figure 3) : The typical standard deviation for dipole moments computed with different functionals is 0.2 D, thus the choice of method has relatively little effect on the polarity of the molecule, as is understandable as this is a density-derived (not energy-derived) property.
The hybrid functionals and notably B2PLYP produce the most polar molecules, as shown previously 39 (Table S12 ). In the other extreme, the halides force dipole moments that are also large (albeit somewhat smaller) but now inverted, with AuF (3.9 D), AuCl (3.4 D), AuBr that Au is positively charged, and a negative value implies that Au is negatively charged.
Thiophilicity of Gold and Preference for Larger Chalcogenides.
As a test of the trend accuracy of the methods in providing the correct relative features regardless of potential systematic errors, the important challenge of gold's extreme thiophilicity was studied 4 . It is well known that gold has a substantial preference for softer chalcogens such as sulfur and selenium, compared to oxygen. 21 This is evident already from the mineral deposits 54, 55 , is suspected based on the hard-soft Lewis acid base principle 56, 57, 58 , and is seen directly in the larger experimental BDH of AuS and AuSe (254 and 251 kJ/mol) vs. AuO (223 kJ/mol). Yet, the value of AuTe (237 kJ/mol) is in between these numbers despite being the softest of the chalcogens, suggesting that hardness does not explain this preference alone (Supporting Information, Table S1 ), as explained previously 4 .
To test whether the density functionals are capable of reproducing this order, the differential BDHs relative to AuO were compared in Table 2 . The experimental uncertainty in each separate BDH is 15−21 kJ/mol but the experimental uncertainty in the differential BDHs is probably smaller due to systematic error components in the experimental protocol (the likelihood that the full error is 100% random is small). In all cases, the experimental data show that gold binds more strongly by 14−31 kJ/mol to the heavier chalcogens than to oxygen, consistent with the thiophilic nature of gold 4 . The experimental difference between AuS and AuO is 31 kJ/mol. It is encouraging that all methods can reproduce this difference with the correct sign (although M06L is close to failing), i.e. all methods predict that gold binds more strongly to sulfur than to oxygen, although the 25% and 27% hybrids PBE0 and M06 probably overestimate the difference, considering that the experimental error bars are upper bounds.
Considering the experimental uncertainties, Table 2 shows the semi-quantitative power of DFT applied to trend chemistry instead of absolute data. However, the different behavior even for trend chemistry is notable: Assuming small errors in the experimental data, TPSS gives a superior result even to PBE, apparently improving the trend chemistry, with some hybrid functionals also showing better trend behavior than their absolute numerical accuracy would imply (due to cancelation of systematic under-binding errors). Again CCSD(T) works well even at this basis set level in semi-quantitative estimates and is similar in numerical performance to the 10% hybrids TPSSh and B3LYP10 for the trend chemistry of Table 2. 22 underestimates the difference too. The hybrid functionals, in particular B3LYP-D3, and CCSD(T) and
TPSS-D3 produce this difference most accurately. In summary, among the DFT methods, TPSS-D3, and some hybrid functionals, notably B3LYP-D3, produce the most accurate trend chemistry for gold's thiophilicity, making TPSS-D3 our remaining preferred overall choice at this point of the benchmark.
Bonding Trends in Gold Halides.
Another relevant test data set is the relative bond strengths of gold bonds to the halides, where gold is mainly present in the Au + state. The corresponding analysis of these bonds is shown in Table 3 . According to experimental thermochemical data, the AuF (294 kJ/mol) bond is the strongest, closely followed by that of AuCl (280 kJ/mol) and AuI (276 kJ/mol), with a major anomaly being the very low value for AuBr in between these (213 kJ/mol, much smaller than the estimated uncertainty of 20 kJ/mol). An interesting question is how the methods handle this particular anomaly.
As seen from Table 3 , the differential bonding of gold to the halides is qualitatively correct in almost all cases. For the difference in bond strength of AuF and AuCl, the correct sign is produced by all methods except the two hybrids with most HF exchange, PBE0 and M06 (CCSD(T) is 1 kJ/mol but within the uncertainty). All methods predict the correct order with substantial weaker binding of gold to
Br, but the numerical error is substantial, and all methods underestimate the difference between AuBr and AuF. Thus, this test set is indeed a challenging one for theoretical gold chemistry, and it would be interesting to see how other theoretical methods reproduce the anomaly of AuBr, assuming of course that the experimental data are not revised. For the large polarizable AuI, the loss of ionic bonding strength is compensated by stronger polarizability and covalency, such that the bond strengths of AuF and AuI become remarkably similar. The methods can reproduce this trend with the correct sign, although the numerical error is large due to weaknesses in the treatment of dispersion and differential relativistic effects of the heavy AuI vs. AuF. Overall, the MAEs for the test set are similar and of moderate value for all methods (24−35 kJ/mol). In summary, all the studied DFT methods work well for semi-quantitative trends but the halide trend data constitute a difficult test case and shows that caution should be exercised when using DFT for trends down through the periods. Gold Trimers. Gold atoms form stable trimers that can be in various isomer forms, most notably a linear structure of Dh with 180° and a triangular structure with D3h symmetry, and in between these, a bent structure with C2v symmetry 59 . This makes the trimers a valuable test case for studying theoretical gold chemistry. It turns out that the D3h structure is not stable and converts into the C2v isomer. This feature is obtained readily by DFT when starting from a triangular structure: As seen from the geometric data compiled in Table 4 , the optimized Au-Au-Au angle of the bent trimer is 56°, in very good agreement with the angle of 55° just reported by Barrow et al. 59 Both TPSSh and PBE
give similar structures to within 0.1° and 1.2 pm, despite the differences in energies that they produce, confirming the picture from the AuX molecules that the choice of functional for geometry optimization is not very important. Interestingly, both methods predict a bent structure of C2v symmetry which still has a significant interaction between the two terminal Au atoms, with an Au−Au distance of ~ 294 pm.
Table 4. Computed Au-X Bond Lengths (in pm) and Au-X-Y angles for Gold-Molecule
Interactions (X = atom closest to gold).
Molecule

PBE-D3
Au-X (ppm)
Au-X-Y (°)
TPSSh-D3
Au-X-Y (°) The computations consistently show that both trimers have a doublet ground state, with the quartet substantially higher in energy (262 kJ/mol and 146 kJ/mol in the linear and triangular structures, respectively), which is expected due to the tight coupling of the 6s electrons in the threecenter -bond of the trimers.
To assess the performance of the different functionals for the thermochemistry of the gold trimer, the total bond enthalpy of the trimers (including two Au-Au bonds in these structures) was computed as the energy of the trimers minus the energy of three gold atoms, correcting for dispersion and thermal and vibrational contributions as for the AuX systems. Table 5 lists these total BDH values for the linear and bent Au3 isomers. Again, when it comes to the absolute thermochemistry computed with the different functionals, the differences are substantial, confirming the picture seen for the AuX molecules, and reflecting the different treatments of the atomic vs. molecular states. The hybrids predict substantially weaker Au−Au bonds, e.g. the difference is 64 kJ/mol between B3LYP and PBE-D3. The strongest adducts are obtained with M06L, followed by PBE and TPSS. However, the same systematic error is present in both trimers, and the atomic states where most of the static correlation resides cancel, so if one is interested in the enthalpy of reaction for converting one isomer into the other (the relative stability of the two isomers) all studied functionals provide results in very good agreement, favoring the bent isomer over the linear isomer by 3−15 kJ/mol. The predicted weak favoring of the bent isomer may perhaps be confirmed in future experiments, as it seems robust because of systematic error cancellation. The prediction that bent Au3 is more stable than linear Au3 is partly due to the fact, not included in Table 4 , that also the larger vibrational entropy favors the bent structure (by a computed differential entropy of 90 J/molK, based on the harmonic frequency state functions of the two states). 19 , a noble gas adduct with the Au + ion, and very weak interactions between the polarizable gold atom and the π-system of benzene, which is very dispersion-dependent. These results are collected in Table 6 . As can be seen, the computed BDHs follow the very same trend of bond strength as seen for the other systems, suggesting strongly that the bond weakening effect of HF exchange is general for all these types of chemical bonds to gold. As for the diatomic neutral molecules, it is encouraging that all methods can model these bonds with good numerical accuracy but the data set is too small to make up conclusions on the performance of the functionals; they tend to perform similar overall for this data set, with MAEs of 22−30 kJ/mol, except M06 which has an MAE of 39 kJ/mol; again, the performance of CCSD(T) resembles that of average DFT methods when applying a def2-TZVP basis set, but accuracy can surely be increased for this method separately by increasing the basis set 29 .
The Au−C6H6 adduct is special in this benchmark as it probes very weak interactions with gold.
It is notable that DFT without dispersion is incapable of predicting any binding between a gold atom and a benzene ring: CCSD(T) models this interaction well, as do some of the functionals with dispersion included. The two methods that do not account for dispersion, B3LYP* with 15% HF exchange and B3LYP without D3 correction, predict zero or negative BDH for Au-C6H6. This structure is also notable by being asymmetric, and not a classical D6h interaction as might be expected, because of the propensity of gold to form a  interaction with one carbon, an interaction that however still has a 29 large dispersion contribution. This shows that dispersion is critical for this particular system, making it a good test case for this type of weak-bonding theoretical gold chemistry.
Concluding Remarks. This paper has reported a systematic benchmark of commonly used density functionals with effective core potentials applied to the modelling of diverse chemical bonds to gold. As far as the author is aware, it is the first of its kind, although hundreds of papers report studies using this very approximate methodology. Thus, the initial question was very skeptical: How accurate are these approaches really, considering the complexity, dispersion and relativistic effects of gold? The main purpose was to identify a DFT method, if any, that can provide fast accurate estimates of chemical bonds to gold.
While the results clearly show that density functionals give highly variable results for chemical bonds to gold, these variations can be systematically understood from the contribution of HF exchange and the LYP functional, and zero point energies in lowering bond strengths, whereas dispersion strengthens bonds to gold. Specific examples are given that serve as useful test cases for theoretical gold chemistry, and predictions on the nature of the most stable gold trimer and the ground states of many AuX molecules are presented.
A surprisingly positive conclusion from this work is that research using PBE or TPSS functionals with dispersion corrections perform uniformly well except for a few pathological cases, with mean absolute errors of 23 kJ/mol, quite respectable in comparison to most other computational chemistry considering the implicit approximations in the functionals and the use of effective core potentials to model the relativistic bond contraction. Altogether, including trend chemistry, absolute and signed errors, TPSS performs most accurately, mirroring previous findings for the specific case of gold carbon adducts 28 . Thus, rather than enforcing extensive spin-orbit coupling schemes that would prevent standard applications towards larger systems in nanochemistry and catalysis, the TPSS + effective core approach, if electronic configurations are carefully optimized, uniform basis sets and effective core potentials are used, and zero-point vibrational corrections and dispersion is accounted for, works quite well, which is highly encouraging.
Supporting Information Available. The Supporting Information file includes the experimental bond dissociation enthalpies in Table S1 and Table S2 with error bars where available; optimized equilibrium bond lengths in pm (Table S3) ; computed electronic energies of molecules with lowest spin state marked in bold (Table S4 ) and for ground states with all studied methods (Table S5) ; electronic energies of atoms (Table S6) ; Thermal and vibrational corrections to energies (Table S7) ; computed bond dissociation enthalpies of diatomic (Table S8 ) and polyatomic molecules (Table S9) ; signed errors for all systems and methods (Table S10) ; absolute errors for all systems and methods (Table   S11 ): and computed dipole moments with all methods (Table S12) ; computed coupled-cluster D1 diagnostics for AuX systems ( Figure S1 ); trends in computed BDHs vs. Au-X bond lengths ( Figure   S2 ). This material is available free of charge via the Internet at http:/pubs.acs.org.
